Methods to locate and identify brain pathology are critical for monitoring disease progression and for evaluating the efficacy of therapeutic intervention. The purpose of this study was to detect cell swelling, abnormal myelin, and astrogliosis in the feline model of the lysosomal storage disease ␣-mannosidosis (AMD) by using diffusion and T2 mapping.
A lpha-mannosidosis (AMD) is a lysosomal storage disease characterized by a deficiency of the lysosomal hydrolase acidic ␣-mannosidase (␣-D-mannoside mannohydrolase, EC 3.2.1.24) resulting in the intralysosomal accumulation of mannose-rich oligosaccharides. 1 The disease phenotype consists of mild-to-severe psychomotor retardation with variable degrees of dysostosis multiplex, hepatosplenomegaly, ocular impairment, and hearing loss. 2 Naturally occurring AMD has also been described in cattle, cats, and guinea pigs, and a knockout mouse has been created. [3] [4] [5] [6] [7] [8] [9] [10] AMD cats have essentially the same clinical, biochemical, and neuropathologic abnormalities as human patients 11 and have a severe clinical phenotype with grossly obvious neurologic signs, a generally uniform disease course, and death by 6 months without treatment. 12 The feline model has proved to be useful in the evaluation of experimental therapies including bone marrow transplantation and gene therapy. 13, 14 Central nervous system (CNS) pathology in both human and feline AMD includes the accumulation of oligosaccharides within cells and the resultant swelling of neurons and glia. Myelin deficiency is found, though the mechanism for the deficiency has not been identified. A diffuse astrogliosis of both gray and white matter is also described. 1, [5] [6] [7] 12, 15, 16 MR imaging methods have been used to identify surrogate markers of gray and white matter disease in feline AMD. The magnetization transfer ratio (MTR) is sensitive for detecting white matter abnormalities in multiple sclerosis and leukodystrophies. [17] [18] [19] Previous studies have shown that the MTR could be used to monitor abnormal myelination in AMD cats and improvement in myelination following successful gene therapy. 12, 14 However, magnetization transfer imaging was unable to detect significant differences in gray matter between affected and normal cats. 12 Magnetization transfer imaging may also have limited application due to associated high radio-frequency power deposition, which can lead to excessive tissue heating, which can be unacceptable from an MR imaging-safety standpoint. 20 In contrast, T2 mapping is a robust, easy, and safe method, and we hypothesized that myelination abnormalities would be detected by using this technique. For imaging the disease in gray matter, we hypothesized that the average apparent diffusion coefficient (ADC av ) might be used to detect cell swelling and gliosis through their effect on reducing the extracellular volume fraction. 21, 22 Noninvasive methods to quantify gray and white matter disease in the AMD cat brain should be useful for the future assessment of efficacy of experimental therapies.
Methods
Cats were raised in the animal colony under the National Institutes of Health and US Department of Agriculture guidelines for the care and use of animals in research. Five normal cats and 5 cats with AMD were examined. Peripheral blood leukocytes were tested at 1 day of age for the 4-base-pair deletion causing AMD, by using described methods. 23 All affected cats were homozygous for the mutation, and all normal cats were null for the mutation. Cats were sedated with intravenous ketamine (2.2 mg/kg) and acepromazine maleate (0.1 mg/kg) and were given intravenous atropine sulfate (0.02 mg/kg). Following sedation, cats were anesthetized with intravenous propofol (up to 6 mg/kg), intubated, and maintained under anesthesia with isoflurane for imaging experiments.
Image Acquisition and Analysis
MR images were acquired on anesthetized cats at 16 weeks of age on a 4.7T magnet (Varian, Palo Alto, Calif) equipped with 12-cm, 25-G/cm gradients. The scanner was interfaced to an Inova console (Varian), and data were acquired by using a 10-cm ID Litz coil (Doty Scientific, Columbia, SC). Core body temperature and electrocardiogram were monitored during data collection by using an MR imaging-compatible vital signs monitoring unit (Model 25; SA Instruments, Stony Brook, NY). The body temperature was maintained at 37°C by blowing regulated warm air through the magnet bore. The warm air source was supplemented with a pad with circulating heated water.
T2 maps were generated by using a multisection spin-echo protocol 24 Regions of interest were manually outlined with the size of the region of interest for each brain region represented as in Fig 1. Each region of interest was outlined in triplicate by 1 evaluator for each side of the brain, and the average of these measures for both sides of the brain was determined.
Histopathology
Cats were sacrificed within a week after imaging experiments by using an intravenous overdose of barbiturates in accordance with the American Veterinary Medical Association guidelines. Immediately before death, 0.5 mL of heparin (1000 U/mL) was administered intravenously. Following death, intracardiac perfusion with 250 mL of 0.9% cold saline was followed by 750 mL of universal fixative (37% formaldehyde aqueous solution; 100-mL 100% formalin, 880-mL distilled water, 2.7-g sodium hydroxide, 11.6-g sodium phosphate, and 20-mL 50% glutaraldehyde). The brain was removed and paraffin-embedded. Brain sections were stained with either hematoxylineosin (H&E) or Luxol fast blue. Immunohistochemistry for human glial fibrillary acidic protein (GFAP) was also performed for qualitative assessment of astrocyte numbers and astrocytic processes (astrogliosis).
Measurements of Purkinje cell area were performed manually by acquiring digital photos of ϫ400 sections of the cerebellar cortex of 5 AMD and 5 normal cats. Images were opened with Photoshop (Adobe Systems, San Jose, Calif), and the area of 40 Purkinje cells per cat in which the nucleus was readily visible was determined. Area measurements were made by tracing the cytoplasmic border of each cell by using the magnetic lasso tool and by using the histogram option to provide the mean number of pixels within the area traced.
Statistical Methods
Mean and SD were used to describe region of interest and area data. An unpaired 2-tailed t test was used to compare mean T2, ADC av , and area data between affected and normal cats. A value of P Ͻ .05 was considered significant.
Results
All animals tolerated the imaging session well. Representative ADC av maps are shown in Fig 1. Four gray matter structures (cerebral cortex, thalamus, hippocampus, and cerebellar gray matter) and 4 white matter regions (corona radiata, centrum semiovale, internal capsule, and cerebellar white matter) were examined in both the left and right sides of the brain as in the previous study. 12 Significant increases in T2 were found in the white matter Fig 1. A and B , ADC av maps of the brain at the level of the thalamus (A) and the cerebellum (B) are shown. The brain regions for which data were acquired include 4 gray matter regions (1 indicates cerebral cortex; 2, thalamus; 3, hippocampus; 4, cerebellar gray matter) and 4 white matter regions (5 indicates corona radiata; 6, centrum semiovale; 7, internal capsule; 8, cerebellar white matter).
of affected cats compared with unaffected cats in all white matter regions examined (Fig 2) . The T2 of the white matter was 5%-12% higher than that found in unaffected cats in these white matter regions, with the greatest increases in T2 found in the corona radiata and centrum semiovale. In contrast, no significant differences in T2 were found in the gray matter of affected cats, compared with unaffected cats.
Significant decreases in ADC av were found in both the gray and white matter of affected cats, compared with unaffected cats in all brain regions examined (Fig 3) . In AMD cats compared with unaffected cats, the decrease in ADC av in the gray matter was 13%-15% and the decrease in ADC av in the white matter was 11%-16%.
Microscopic evaluation of H&E-stained sections from affected cats showed cytoplasmic vacuolation and distention of neurons, glia, and endothelial cells in the gray matter (Fig 4B) . We compared the distention of the Purkinje cells in AMD and normal cats. Purkinje cell bodies of AMD cats occupied a mean of 15,501 Ϯ 2947 pixels, and cell bodies from normal cats had a mean of 10,847 Ϯ 2367 pixels. A statistically significant difference was found between AMD and normal cats in these measurements (P ϭ .04). Cytoplasmic vacuolation and distended glial cells were also seen in the white matter of AMD cats. H&E-stained sections and Luxol fast blue-stained sections showed a decrease in myelin, evidenced by decreased Luxol fast blue staining and distension and splitting of the myelin sheaths as has been reported previously (Fig 4D) . 12 A diffuse astrogliosis was present throughout the gray and white matter as seen by an increase in GFAP-positive cells and their processes. This reactive, proliferative astrogliosis occurred in the absence of significant neuronal death (Fig 4F) . Cytoplasmic vacuolation, abnormal myelin, and astrogliosis were diffusely present throughout the brain, with no evidence of regional differences.
Discussion
Lysosomal storage diseases are characterized by the deficiency of specific lysosomal hydrolases, resulting in severe degenerative processes affecting a number of tissues, including the brain. 26 More than 45 lysosomal storage diseases have been identified, and whereas the prevalence of each lysosomal storage disease is rare, together this family of disorders affects approximately 1 in 5000 humans, 27, 28 making them a clinically significant set of genetic disorders. Effective therapy for CNS disease in most of these disorders remains to be developed. Animal models of lysosomal storage diseases have proved to be critical for evaluating treatment strategies for lysosomal storage disease, 29, 30 and noninvasive methods are necessary to monitor the efficacy of experimental therapies on CNS pathology. 31 CNS pathology in feline AMD includes cellular swelling, decreased myelin, and astrogliosis. [5] [6] [7] 12 It has been reported that AMD cats imaged at 1.5T have significant decreases in the magnetization transfer ratio (MTR) of white matter compared with normal cats, 12 whereas the MTRs were increased in cats treated with gene therapy, 14 providing evidence that MTR could be used to monitor improvements in myelination associated with therapy. These studies showed that MTR was a useful noninvasive antemortem method to quantify myelin deficiency subsequently confirmed postmortem. 12 In the present study, we evaluated the T2 relaxation times of the white and gray matter in AMD cats as an alternative MR imaging parameter because T2 measurements are standard, may relaxation times of gray matter regions (cerebral cortex, thalamus, hippocampus, and cerebellar cortex and white matter regions (corona radiata, centrum semiovale, internal capsule, and cerebellar white matter [bottom]) were determined in unaffected and AMD cats. Significant increases in T2 were found in the white matter of AMD cats compared with unaffected cats (*P Ͻ .05). No significant differences in T2 were found between affected and normal cats when gray matter regions were compared.
be readily performed, and do not result in high-energy absorption associated with MT imaging. Significant increases in T2 were found in the corona radiata, centrum semiovale, internal capsule, and cerebellar white matter of AMD cats compared with normal cats, with the increases being found in the same tracts as the decreases in MTR in the previously reported study. 12 The increase in T2 of the white matter is probably due to the reduced myelin found in AMD cats compared with control cats. Additionally, astrogliosis present in diseased cats may also contribute to the increase in T2. As with the previous MTR studies, which were performed at 1.5T, T2 measurements could not distinguish changes in the gray matter of AMD cats compared with normal cats. The effect of intracellular oligosaccharide accumulation on T2 relaxation times has not yet been determined. However, the most obvious cell swelling occurs in the neuron cell bodies of the gray matter regions, where we did not observe any difference in T2 relaxation times between affected cats and normal cats, suggesting that oligosaccharide accumulation may not affect the T2 values significantly.
One goal of our study was to identify a marker of gray matter disease (cell swelling and astrogliosis). Diffusion-weighted imaging can noninvasively quantify water molecule random motion that is sensitive to pathologic changes in tissues. 32 Although the exact mechanism responsible for reduction in ADC following cellular swelling is not well understood, reduction in ADC correlates with reduction in the extracellular volume fraction. 22 In stroke, ischemia results in cell swelling by cytotoxic edema, and ADC of brain water declines. 33 As cell swelling associated with ischemia resolves, an increase in the diffusion coefficient of water has been described. 34 Similar correlations between reductions in ADC and cellular swelling are described following toxin administration, 35 status epilepticus, 36 cortical spreading depression, 37 and hypoglycemia. 38 Diffusion imaging has thus far not been used to evaluate cell swelling in any lysosomal storage disease. We hypothesized that the swelling of neurons and glia associated with the storage of oligosaccharides as well as an increase in astrocyte number and their processes (astrogliosis) would decrease the extracellular volume leading to a decrease in ADC av of the gray matter. We observed significant decreases in ADC av in the gray matter of cats with AMD compared with normal cats but were not able to determine whether this decrease was due to cell swelling alone or also due to astrogliosis because both are diffusely present in the AMD brain.
We also hypothesized that the abnormal myelin would result in decreases in ADC av of the white matter as has been described in Canavan disease and metachromatic leukodystrophy. [39] [40] [41] In these leukodystrophies, the decrease in ADC was attributed to restriction of water diffusion due to myelin breakdown and to a general increase in lysosomal membranes and macromolecules. [39] [40] [41] In Canavan disease, astrogliosis and electron microscopic evidence of separation of myelin layers with intramyelinic vacuole formation were also proposed to lower ADC values. 39 Histologic evaluation of the white matter of AMD cats shows decreased myelination with splitting of myelin sheaths, as well as severe astrogliosis, both of which could restrict water diffusion. Because electron microscopic evaluation of feline brain tissue was not performed in this study, we cannot comment on the white matter ultrastructure. Additionally, unlike Canavan disease and metachromatic leukodystrophy, swelling of glia is also a feature of AMD and ADC av of gray matter regions (cerebral cortex, thalamus, hippocampus, and cerebellar cortex and white matter regions (corona radiata, centrum semiovale, internal capsule, and cerebellar white matter [bottom]) were determined in unaffected and AMD cats. Significant decreases in ADV av were found in AMD cats in all gray and white matter regions examined (*P Ͻ .05).
could have contributed to decreased water diffusion in the extracellular space. We were unable to determine the specific contribution of myelin breakdown, cell swelling, and astrogliosis to the decrease in ADC found in the white matter.
Although widely available, measurement of ADC av is not trivial because the ADC av values are highly sensitive to motion and temperature variability, which was effectively dealt with in these studies through the use of anesthesia, cardiac gating, and maintenance of body temperature. A second limitation to ADC av measurements is the assumption that decreased water diffusion in the extracellular space makes the most significant contribution to decreases in ADC av measurements, even though water diffusion in the intracellular compartment also contributes to its ADC av measurements. 21 Finally, as stated previously, cell swelling, astrogliosis, and/or myelin abnormalities all can contribute to a reduction in the extracellular volume; thus, the exact histopathologic correlate of the decrease in ADC av could not be determined. To identify a surrogate marker of cell swelling alone, one would have to use other nuclear MR methods, such as diffusion-weighted MR spectroscopy.
There are little data from patients that can be directly compared with data collected from AMD cats. In human patients, a severe infantile form and a milder adult form of AMD are described. 2 Affected cats have a rapid progression of severe clinical signs, which results in death by 6 months of age, making the disease in cats more similar to the infantile form. To our knowledge, MR imaging data have been published on only 3 patients with the infantile form. 42 The authors describe changes in the periventricular white matter including prominent Virchow-Robin spaces and T2 hyperintensity. Diffusion studies were not done in these patients.
In the cats, diffusion images were acquired in approximately 25 minutes. Although the methods used would be long for clinical translation, most clinical diffusion studies are performed by using an echo-planar imaging (EPI) sequence, which may be completed within a few minutes without gating. EPI-based diffusion studies were not performed in these cats because the artifacts due to the susceptibility-induced effects at higher fields (4.7T) are much greater. It is possible that ADC av measurements could be useful in assessing patients with AMD, provided that lower b-values are used. Because a single monoexponential fit was performed for the diffusion analysis, smaller b-values, available on clinical scanners, should lead to similar findings without compromising the signal intensity-to-noise ratio (SNR). The use of multireceiver phased-array coils, available on many clinical scanners, may also improve SNR and/or reduce acquisition time. Finally, the larger size of the human brain compared with the cat brain may not require images with a resolution as high as were generated in these cat studies, thus further increasing SNR.
Conclusion
ADC av and T2 data can be used to quantify differences in the gray and white matter in the feline AMD brain and may serve as surrogate markers of neuronal swelling, abnormal myelin, and astrogliosis associated with this disease. These data may be used to assess the efficacy of experimental therapies for CNS disease associated with lysosomal storage diseases.
Acknowledgments
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